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Study of the lunar gravity anomaly has not been straightforward since direct tracking data of lunar satellites are
available only at its nearside. In such a case, direct inversion of the line-of-sight acceleration data into surface mass
distribution has several merits, e.g., (1) high resolution can be attained without relying on artiﬁcial constraints,
(2) short computation time by estimating regional parameter sets stepwise. After conﬁrming the validity of the
method using synthesized data, we processed the line-of-sight acceleration data of the Lunar Prospector extended
low-altitude mission. The obtained gravity anomaly map of the lunar nearside has resolution as high as 0.8◦ ×0.8◦,
equivalent to 225th degree/order of spherical harmonics, with less spurious signatures than past studies. To take
advantage of the high resolution, we calculate mass deﬁcits for 92 medium-sized craters (50–300 km in diameter),
and conﬁrmed that they are nearly proportional to 2.5 power of crater diameter.
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1. Introduction
Gravity ﬁeld data of terrestrial planets and satellites
are rich in information on their interiors. The longest-
wavelength components, e.g. J2 and C22, are used to esti-
mate their moments of inertia (Williams et al., 1996). On the
other hand, short-wavelength components provide informa-
tion on physical properties of relatively shallow parts. For
example, compensation depth (or lithospheric thickness), in-
ferred by comparing the topography and gravity anomalies
in various wavelengths, is useful in constraining their ther-
mal histories. Gravity ﬁeld studies of the Moon began in
1966 with the satellite Luna 10, followed by Lunar Orbiters
I-V and Apollo 15, 16 sub-satellites in 1970’s. Several lunar
gravity models, expressed as the spherical harmonic expan-
sion of the gravity potential, have been made by analysing
tracking data of lunar satellites (e.g. Bills and Ferrari, 1980).
The accuracy of such models was dramatically improved by
the recent two lunar satellites, Clementine (Lemoine et al.,
1997) and Lunar Prospector (LP) in 1990’s.
The LP was launched on January 7, 1998 (Binder, 1998).
After ﬁnishing the 1-year nominal mission at the 100 km al-
titude polar orbit, 6-months long extended mission was car-
ried out at the average height of 30 km. Tracking data for
such low orbits are rich in information on short-wavelength
gravity features of the Moon. The two-way Doppler tracking
data of LP during the nominal mission yielded the LP75G
lunar gravity ﬁeld model, which consists of the Stokes’ co-
efﬁcients complete to 75th degree and order (Konopliv et
al., 1998). Using the low-altitude extended mission track-
ing data, Konopliv et al. (2001) recently reported a higher-
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resolution model called LP165P, in which they performed the
inversion calculation in multiple steps. This was, however,
only partly successful due to the lack of direct tracking data
of the lunar farside. Their model is reliable up to 110th de-
gree in the nearside and 60th degree in the farside (Konopliv
et al., 2001); the gravity anomaly map has many spurious lin-
ear features when drawn using all the coefﬁcients (Fig. 1(a)).
It is thus difﬁcult to take advantage of the short-wavelength
gravity information originally included in the tracking data
using this gravity model.
Line-of-sight (LOS) acceleration data of the LP extended
mission are available at the Planetary Data System (PDS)
Geosciences Node (http://wwwpds.wustl.edu). They carry
short-wavelength lunar gravitational ﬁeld information intact,
and are suitable to investigate ﬁne structures of the lunar
gravity ﬁeld. In this paper we try to make a high resolu-
tion lunar gravity anomaly map using this data set, in a way
to circumvent problems arising from the non-uniform distri-
bution of the tracking data. Then we estimate mass deﬁcits
associated with medium-sized impact craters from the high
resolution gravity anomaly map.
2. Analysis Method of LOS Data
2.1 The LOS acceleration data
The LP satellite was tracked with the NASA/JPL Deep
Space Network (DSN). Two-way Doppler data were taken
every 10-second interval, which corresponds to ∼15 km dis-
tance at the lunar surface. The accuracy of the tracking
data is about 0.3 mm s−1 (Konopliv et al., 2001). Hence
the accuracy of LOS acceleration is considered to be around
0.04 mm s−2 (4 mgal).
The two-way Doppler tracking data from the DSN stations
are processed with the software package LUNRES, where
the LOS acceleration data were obtained by the following
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Fig. 2. Example of the LOS acceleration proﬁles along the longitude ∼0◦ at relatively high (a) and low (b) altitudes. The amplitude of “residual” becomes
large when the satellite altitude is low.
procedure (see Simpson, 1999, for detail). First, the LOS
velocities based on the satellite orbits and the lunar gravity
model (LP100J) are subtracted from the observed Doppler
data. These velocity residuals contain information on short-
wavelength gravity ﬁelds not represented by spherical har-
monics with degrees and orders up to 100. Second, the
time series of residuals are modeled using cubic polynomial
spline functions so that accelerations can be obtained as their
temporal differentiation. Finally, such residual accelerations
were added back to accelerations at the satellite positions
predicted by the LP100J model in order to obtain the total
LOS acceleration. The processed LOS data are available at
the PDS Geosciences Node web site as described above. We
downloaded the LOS data product from PDS web site, and
used them for the present study. Examples of an LOS accel-
eration proﬁle along longitude ∼0◦ are shown in Fig. 2 (The
satellite trajectory is plotted in Fig. 1(b)).
2.2 Inversion method
The bulk of lunar gravity ﬁelds can be approximated by
those due to a point mass at the lunar center-of-gravity, which
we call the “reference ﬁeld”. This is different from the
Earth’s reference gravity ﬁeld in several aspects. First, it is
calculated assuming a sphere instead of an ellipsoid because
the lunar equatorial bulge is much smaller than the Earth.
Secondly, it does not include centrifugal forces coming from
the lunar spin. This is because we measure the lunar grav-
ity ﬁeld from the orbit rather than on the surface. We as-
sume that excess masses (or mass deﬁcits), responsible for
the anomalous gravity (difference from the reference ﬁeld),
are condensed in a thin layer on the lunar reference surface
(a sphere with a radius 1,738 km). This is untrue for long
wavelength components such as J2 and C22, and the results
would be somewhat biased in these components. This, how-
ever, does not affect our purpose to study short-wavelength
gravity anomalies. This approximation also assumes that
satellite altitudes are much larger than vertical scales of lunar
topographic features. Validity of this assumption will be ex-
amined by performing inversion calculations for synthesized
data in Section 2.3.
We divide the lunar surface into 20◦ × 20◦ “large blocks”.
They are subdivided into 0.8◦ × 0.8◦ “small blocks” (about
25 km × 25 km). The “large block” is a unit of least-
square estimation runs, and the “small block” corresponds
to a parameter (point mass at the center of the block) to be
estimated. The east-west extent of small blocks are increased
by a factor of 1/ cos(lati tude) in order to keep physical sizes
of small blocks uniform.
Assuming that anomalous gravity ﬁelds at satellite posi-
tions are the sum of the gravitational pulls of individual small
blocks, we estimated their masses so that they explain the ob-
served LOS acceleration best in a least-squares sense. The








cos θi j , (1)
where M is the number of small blocks within a large block,
G is the universal gravitational constant, m j is the mass
anomaly at the j th small block, ri j is the distance between
the satellite and the j th small block, θi j is the angle between
gravitational acceleration from the j th small block and the
LOS vector at the observation time.
The LOS direction is almost stationary but slightly
changes in time due to (1) optical libration of the Moon,
(2) parallax due to the Earth’s spin, and (3) parallax due to
the orbital motion of the satellite. Here we evaluate the in-
ﬂuences of the three factors. Due to the optical libration,
the apparent position of the Earth in the lunar sky changes
in monthly periods by about ±5◦ (North, 2000). This can
be calculated using the Earth’s direction in the moon-ﬁxed
coordinate given in the header part of the LOS data ﬁles.
Roughly speaking, the LOS acceleration is the projection of
gravitational acceleration of the Moon gmoon (about 162 gal)
onto the LOS direction, i.e., gmoon cos δ where δ is the an-
gle between LOS acceleration and the lunar vertical. Then
the effect of the error in LOS is −gmoonδ sin δ. Hence the
error does not exceed gmoonδ. For the factor (1), the er-
ror become ±14.1 mgal, a few times as large as the LOS
acceleration accuracy. However, the factors (2) and (3) are
within ±0.75◦ (±2.19 mgal) and ±0.25◦ (±0.71 mgal), re-
spectively. Therefore, we took account of only the factor (1)
in our study.
An element of the Jacobian matrix A is calculated as,




cos θi j . (2)
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Fig. 3. Density of LOS data for four satellite height ranges.
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Fig. 4. Results of the inversion test. The original model (a), recovered surface mass anomaly for large blocks (20◦ ×20◦) assumed to be located at different
places on the Moon, i.e., (0◦N, 0◦E) (b), (0◦N, 45◦E) (c) and (0◦N, 90◦E) (d). Spurious results are seen near the large block rim (b)–(d). Also east-west
structures are poorly recovered when the satellite is near the lunar near- and farside boundary (d).
The number of data in an inversion run depends on the data
density. Typically, we estimate several hundreds of parame-
ters (number of small blocks in a large block) using several
tens of thousands of LOS data (number of data points above
a large block). Density of LOS data (number of data within
small blocks) versus satellite height are shown in Fig. 3. It
is found that LOS data obtained at relatively low altitudes
(10–30 km) are not evenly distributed. The accuracy of the
estimated mass distribution depends highly on such satellite
heights since short-wavelength gravity ﬁelds decay rapidly
with altitudes.
2.3 Examination of the Method
Before applying the method to real LOS data, its perfor-
mance was tested using synthesized data sets. We consider
a 30◦ × 30◦ block (about 900 km × 900 km), whose center
coincides with the center of a large block. We assume rect-
angular mountain ranges (about 90 km wide, 900 km long
and 3 km high) composed of lunar crustal rocks as dense as
2,900 kg m−3, and set two pairs of parallel mountain ranges
on the 30◦ × 30◦ block, one pair is striking north-south, and
the other pair east-west. The length of mountain ranges was
made longer than a large block (20◦ × 20◦) because real to-
pography continues beyond the large block rims. Then we
assume real satellite orbits and observation epochs during
a certain month out of the LP extended mission, and cal-
culate LOS accelerations coming from the assumed three-
dimensional topography of the mountain ranges. Such syn-
thesized data sets are prepared at several different longitudes
on the lunar equatorial zone, and are used to estimate mass
distribution (Fig. 4).
First we notice spurious masses estimated near the large
block rims. These are considered to have emerged from to-
pography outside of the large block because we tried to at-
tribute all the gravity signals to the topography within the
large block. We also notice that east-west structures are
poorly recovered when the satellite is near the lunar near-
and farside boundary (Fig. 4(d)). This is because any lin-
ear structures parallel with the line-of-sight do not produce
acceleration in that direction, i.e. the resolution of gravity
ﬁeld depends on the direction of the structure and the line-
of-sight.
Considering the ﬁrst point, we took out only the central
part as large as 10◦ × 10◦ of a large block in order to avoid
spurious recovery at the rim, and concatenated them to draw
the global map. The second problem is intrinsic to the Earth-
based Doppler measurement and will be overcome in fu-


































Fig. 5. Mass deﬁcits associated with medium-sized craters from LP165P (a) and LP LOS (this study) (b). The curve denotes the best-ﬁt model (see Table
1).
Table 1. Diameter–mass-deﬁcit relationship for impact craters.
Method Planetary Body Diameter, km N Coefﬁcient (a) Exponent (b) Source
Topography Moon 19–150 21 6.90 × 1011 2.31 Croft (1978)
Gravity anomaly Moon 50–300 92 1.18 × 1011 2.50 This study
Gravity anomaly Earth < 30 4 N/A 2.5 Yokoyama (1974)
ture by (1) incorporating very-long-baseline-interferometry
(VLBI) tracking data which have sensitivity to the acceler-
ation perpendicular to the LOS direction, and by (2) using
Doppler measurements via a relay satellite. Japanese lu-
nar mission SELENE (SELenological and ENgineering Ex-
plorer) will realize the VLBI observation of lunar satellites
in 2005 (Heki et al., 1999).
3. Obtained Gravity Anomaly
Next we processed the real LP LOS to estimate lunar sur-
face mass distribution. In order to compare our results with
past studies, we convert the estimated surface mass distri-
bution into gravity anomalies at the lunar surface. Surface
density, a surface mass per unit area, σ(θ, φ) kg m−2 can be
converted into gravity anomaly at the surface g m s−2 by
multiplying 2πG (Garland, 1965),
g (θ, φ) = 2πGσ (θ, φ) , (3)
where θ and φ are the latitude and the longitude, respectively.
The obtained gravity anomaly corresponds to free-air grav-
ity anomaly (Fig. 1(b)). Root-mean-squares of the post-ﬁt
residuals of the LOS acceleration are around 10 mgal over
the entire nearside.
Although total number of estimated parameter is larger
than the conventional approach using spherical harmonics,
the computation time is relatively short. This is because only
small number of parameter (not more than 625) is estimated
in one inversion run (i.e., masses on remote points have little
inter-parameter correlation, and so stepwise estimation is
possible). On the other hand, for the case of LP165P, about
30,000 parameters must be estimated in one inversion run if
all the Stokes’ coefﬁcients were estimated simultaneously.
Another merit of our method is that we do not need reg-
ularization for the inversion. Since direct tracking data of
the satellite on the lunar farside cannot be obtained from
the Earth, past studies have been relying on numerical tech-
niques to stabilize the solution. For such regularization, the
Kaula’s rule of thumb has been widely used. In the analysis
of the Earth’s gravitational potential, Kaula (1963) found that
the degree variance of harmonic coefﬁcients is proportional
to inverse square of the degree l, i.e., ∼ 10−5/ l2. To apply
this rule for the Moon, Kaula (1963) used scaling law based
on the assumption that the Moon has similar strength to the
Earth, and obtained factor of 35.7 × 10−5. It is not clear if
such a rule is correct and it is controversial how large the fac-
tor should be. In fact, Lemoine et al. (1997) used 15 × 10−5
for this factor while Konopliv et al. (2001) used 36 × 10−5.
Our method does not need such constraints to stabilize the
solution.
Absolute values of the differences between LP165P
(Konopliv et al., 2001) and our gravity anomaly map at the
centers of the small blocks are shown in Fig. 1(c). There
short wavelength differences are seen all over the nearside.
It is also noticed that east-west linear features in LP165P are
less conspicuous in our model. They are considered to be
short-wavelength noises in the LP165P model. Large dif-
ferences at the polar regions are thought to be due to the
interference between direct signals and those reﬂected by
the lunar surface as suggested by Konopliv et al. (2001).
They removed data with observational errors exceeding ∼2–
3 mm s−1 in deriving the LP165P. We did not perform such
data screening, and they might have affected our gravity re-
covery in these regions.
Resolution of the map depends on the size of small blocks.
We selected 0.8◦ × 0.8◦, which is comparable to the average
height of the satellite during the extended mission. This
resolution is equivalent to that of a conventional model using
spherical harmonics complete to 225th degree and order.
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4. Mass Deﬁcits of Medium-Sized Craters
To exploit high resolution of the gravity anomaly map ob-
tained here, we discuss gravity signatures of craters with
diameters 50–300 km. Mass deﬁcit of a crater is obtained
as follows, (1) approximate the crater rim with a circle, (2)
background surface density is deﬁned as the average of val-
ues at points along the circle, (3) surface density σ(θ, φ) rel-





{σ(θ, φ) − σ0} ds, (4)
where md is the mass deﬁcit in kg, S is the area within the
circle, and σ0 is the background surface density. Errors δmd
shown in Fig. 5 are inferred from the errors of σ0. Large
uncertainties for relatively large craters reﬂect difﬁculty in
deﬁning σ0 for such craters (i.e., non uniform density values
along the rim). Figure 5 shows the mass deﬁcits of 92 such
craters on the lunar nearside as a function of diameter. To
compare with the previous work, the mass deﬁcits calculated
from LP165P are also shown in Fig. 5(a). Owing to the small
spurious gravity features, mass deﬁcits from this work show
smaller scatter than those from LP165P (Fig. 5(b)).
Many kinds of quantities y related to lunar impact craters
are known to follow,
y = aDb, (5)
where D is the crater diameter in km, and a and b are con-
stants (De Hon and Waskom, 1976). For the mass deﬁcits
calculated from our gravity anomaly (surface density), we
obtained a = 1.18 × 1011 kg km−2.5 and b = 2.50. The
model curve is plotted in Fig. 5(b).
For the Earth, using gravity anomaly data, Yokoyama
(1974) calculated mass deﬁcits of impact craters with di-
ameter < 30 km, and found they are proportional to 2.5
power of the diameter. Croft (1978) examined lunar crater
interior volume (volume deﬁcit) for 21 complex craters with
diameter 19–150 km from Lunar Topographic Orthophoto
(LTO) maps derived from the Apollo metric photography.
The Complex craters are characterized by terraced rims, an
uplifted central peak, and ﬂat ﬂoor. Croft (1978) obtained
a = 0.238 and b = 2.31 for complex craters. Assuming
crustal density ρc of 2,900 kg m−3, a for the mass deﬁcits
of these craters becomes 6.90 × 1011. The relationships be-
tween crater diameter and mass deﬁcit of the Earth and the
Moon are summarized in Table 1, and our result agrees fairly
well with past studies.
High resolution grid topography data from Clementine
mission are also available at the PDS web site. Using
such data, terrain correction can be performed for the raw
LOS data. By conducting the same inversion for the cor-
rected data, we could obtain high resolution terrain-corrected
anomaly, i.e., gravity anomaly similar to the Bouguer
anomaly which reﬂects subsurface structures such as the
Moho topography. In a future study, this will enable us to
discuss compensation of impact craters and elastic thickness
of the lunar lithosphere.
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